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Staggered data stmcsture in holograpMc storage systems 
IntnducUon 

Form recording data in holographic datastorage sys(tems» data bits organized in 
pages are formed by a 2 dimensional grid of bite (for example using a light modulator 

5 with a two dimensional array of Individually addressable elements (often also 

referred to as pixels)), which are either on or off. Unlike conventional optical storage 
systems lilce CD and DVD, the use of run length limited codes is not pursued* not 
because of the fact that this In principle impossible, but due to practical reasons. In 
holographic systems, a 2-dimensional pixilated light modulator can be used to 

10 transmit portions of a so-called data beam resulting in an encoded data beam, which 
after interference with a reference beam can fbmn a diflractive structure In a suitable 
storage medium. Since the pixels In these light modulators detennfne the data bits, 
and the system will be designed to be diffraction limited in order to achieve the 
highest density, datapages consist of individual dots (data bits). Also other types of 

15 light modulators (lil<e reflective) can be used. 



Probfem 

Consider the figures below. Drawn on top is a conventional stmcturs of data pages. 
This is not the most efficient way to mates use of the available area In the medium 
20 and hence could results in a too low bItdensHy. 

Solution ancf some embodiments 

It IS proposed to use a slaggered data stnjcture (as shown at the bottom in below 
picture) that can increase the data density by roughly 40%. wHtiout adding too much 
25 complexity to the system. Lines connecting nearest neighbour data bits have an 

angle of approximately 45 degrees with the edges of tfie data structure or data page. 

The basic dKTerence is that due to a more closed packing more bits can be stored In 
the same area, whereas the distance between the individual dai^ bits is still 
30 reasonably large to avoid overlap. 
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To realize such a system, a data encoder having encoder elements for encoding a 
data beam (for example a 2 dimensional light modulator) needs to have a similar 
staggered structure, which doesn't actually pose any severe technical properties. On 
the other hand a pixelated photo-detector having detector elements organized in a 
staggered stmclure needs to be used. A device like this is already on the market and 
being used in digital camera's (like FUJI Finepix CCD-series). For reference we have 
induded &i picture of such a detector. 
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In conclusion, the proposed method can lead to a signfficant Increase of the 
15 attainable data density in a practical system, or one can use this enhancement to 
reduce the size of the components needed. 
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A holographic data storage system for reading and/or recording dgta bits 
being organized in a staggered dalB structure. 

A holographia data storage device for reading from and/or recording data 
pages In a holographic data storage medium, said device comprising a 
pixelated detector and a data encoder for generating an encoded data beam, 
said data encoder having individual encoder elements organised in a 
staggered structure. 

A holographic data storage device for reading from and/or recording data 
pages in a holographic dala storage medium, said device comprieing a 
pixelated detector and a data encoder Ibr generating an encoded data beam, 
said pixelated detector having individual detector elements organizied In a 
staggered structure. 

A holographic data storage medium comprising datapages having individual 
data bits organized in a staggered data structure. 
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Phase-Retrieval in Volumetric 
Holographic Data Storage 

Wim Coezie and Sjoerd Stallinga 
20-11-2003 



Abstract 

la thexecordtog step for state-of-the-art holographic data-storage, ths wavefronts 
are modulated in amplitude orily by the spatial light mod'ulator (SLM) in ac- 

15 cordancc with tho 2B bit-pattern of the con^idex^d data page to be stored. Tho 

dGtectiozL proce^ on. the OOD for tho reconstruction step in holographic data 
storage is not sensitive to tho phase of the wavefto^it after the SLM, We propose 
an adapted hardware set-up for the reconstruction step which enables phaao- 
retrieval of the wayefront bohiod tho SLM, This mako^ it possible to store two 
d^t& paigos instead of one per (aaQgnlftr or Bhift) nmltipl^»dng aetting^ Although 
this pdnciplG i3 in general po^ible for other )xiialtlple?dng methods, we have de- 
scribed it in more detail foX' the ca^e of angle-jaidtiplexing. Two methods for 

20 phase-retrieval ate proposed: (X) holographic restoration with an extra reference 

wave&ont; ^nd (2!) pha3e-$tepping procedure. 



1 The Problem 

In state-of-the-art holographic storage (with angle-multipleidng nsed as an cpc- 
ample), the imago captured on the CCD reflects the (squared) amplitude distri- 
25 bution of the wavefeont for the data page that wa^ present on the spatial light 
modulator (SLM) during tjic recording phase. Note that tho hologcaphic record- 
ing also stores the phase information of tho wavefiront behind the SLM into the 
holographic medimn (we will call this wavefiront shortly the "SLM wavefront")- 
However, during recording at tbe CCD, this phase information is lost. Therefore, 
in the current stato-of-tho-art, tho SLM wavcfront ia only moenlngfuUy modulated 
in amplitudCf not pb^a. 

30 
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2 The Current Idea in a Nut-Shell 

The current idea is to eoctend the recomstruction procediaro in Ixolograpliic storage 
so that 9teo the phase-i33formatiQn of the SLM mvofront can be restored. This 
doubles the information density that can be restored with one wgle (or multi- 
plexiDg setting) aa used in the reconstruction with ajigle-multipl^fdng. Wo will 
address two ways of phase-retrieval: 

• phase-retrieval through an extra holographio restoration set-up added to the 
reconstruction procedure; 

• phase-retrieval through a phase-stepping procedure. 



15 
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25 
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3 Prior Art: Holographic Data Storage 
3.1 Holographic Recording of a Data Page 

The recording proc:edtiro for a single data page is shown in Pig. 1 (see also Pig.l 
in [1]). The laser beam is split into two p^s by a (non-polarizing) beam-splittor 
(NPBS). On top, we have the SQ-caUcd "signal arm" where the wavofront passes 
through a spatiaj light modulator (SLM) (e-g. m LCD) where typically the am- 
pfitude of the SLM pixiela is modulated in correspondence with tho bits of the 
data page that is currently to be stored, yielding the SLM wavefront denoted 
i^sLM' At the bottom, we have the so-called ''reference arm", where the wav<^- 
front pa^cB through a grating yielding a reference wavefront denoted ^ipraf (which 
is a plane wave Kcp{27riK • r} with a wave vector K that can be tuned by tho 
grating). The two wavefronts of the signal arm and the reference arm intorforo in 
the holographic medium: the position-dependent part of the dielectric constant in 
the medium 6(r) is then proportional to I'^^jgiijur + ^re/P^ ^or recording of multiple 
data pages, the wave vector is sot hy tho grating at K^' for the j-th page; with 
the SLM wavefront for the j-th. page denoted "i^slm^ position dopondent pajrt 
of the dielectric constant o£ the medium after recording of the multiple pages 
becom<^ proportional to: 



e(r) oc SiMx.M + ^p{27tiW'T}\'' 



(1) 



3,2 Holographic Recoi^^ruction of a Data iPage 

The reconstruction proccduro for a data page is shown in Pig, 2, This is called 
the "probe arm" in [1]. A wayefiront is parsed through a grating that is tunod 
to generate a piano wave with the proper wave vector for the reconstruction 
of the j'th data page. The latter wave is denoted iprcf ^d mu$i; bo equal to 
the rcforcncc wave that was used to record the data pago. Tho wavo propagates 
through the holographic medinmi where it is difiracteds it generates behind the 



2 



a. DEC. 2003 17! IB PHILIPS CIP NL +31 40 27434Q9 

PmqL031472EPQ 



NO -339 P. 12/18 
035 08.12,2003 17 



6 08.12.2003 



5 



10 



15 




grating! 



Figure 1: Prior Art. Rcjcording stop for one data page of iaformatloa In holo- 
graphic &tar&^o (with angle^multiplexing). 

20 medium a wavefiront that equals the SLM wavefront that was rcalizod for the 
jf-th data page during tho recording of the data page. The SLM wavefront is 
imaged otxto a CCD array, where the modulus squared o£ the wave&ont H^slm? 
is detected- 

Note that instead of the SLM wavofiront itself it i^ also possible to record the 2D 
fburier tratisform of the wavc&ont into the holographic memory (the iso-called 
"Bburier-plafte" set-up). Our idea applies to both architectures. 

25 

4 New Idea 

4.1 Phase-»Retrieval through Holographic Re$toratio^ 
4,1.1 Hardware Sfi*-Up 

We propose a new ^reconstruction procedure be $hown in Fig. 3. There 13 a (non- 
polaris^ing) hGom splitter (NBPS) yieldiug ti;vo separate light pathe with mutually 
30 cohoreut wavefrouts. Note that the bottom path is identical to tho "probe antf' 
of the state-of-the-art reconstruction of Pig. 2 (apart from the registration on 
the COD): thus, it reproducos the SLM wavefront iff^ifM behind the holographic 

3 
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Fiigure 2: Prior Art, Roconsbniction step for oae data page of information m 
^ 2 hologJcapMc storage (witli angl©-mulf;iplo5dng) . 

mediuitt. In addition, the current idea compriseei aa extra Ught path, drawn at 
the top of Pig, 3. This top light path produces a w^^vefrout that pa^sejs through 
another gratiag (called "gratxng-B'O that yidds a plane wave with a wavo vector 
denoted K^oi^ The resulting (plane) wavefront is denoted i/?/^p|. The wave vector 
Khoi is not at aU ridated to that of the reference wavefront ^fr^^/ needed for the 
holographic reconstruction. The choices that detemiin© Kji^i will be discussed 

^® later in relation to the reqinrcd post-processing of the CCD image. Next, the 
wavefeonta of the ijwo branches, that 1$, ^sLAf and '^l^^nu are made to interfere 
before registration on the COD. Now, eontraxy to the state-of-the-art, the CCD 
records the power in the resulting wavefi:ont> that ia: Iccd = \iphQi'^i^$LM\^* Note 
that this step a» such is not new on it^ own, since it i$ a woU known techmque in for 
instance phaae-retrieval for oS-aadp dootron holography [Sj* It is the combination 
of this holographic pha^^-retfieval with holographic data storage that we claim 

25 as new insight, 

4.1.2 Post-ProccesSng on CCD Imag^ 

The different signal processing steps that are to be carried out on the CCD imago 
are described in Fig- 4. Etet, for the reconstruction of the j-th data page, we 
rewrite the wavefront that Is incident on the CCD as (with R tho 2D position 
coordinate in the plane of SLM and COD): 

30 i^ooDi^) = iix^i^) oxp{27riKhoi - B.} axp{i<l>}. (2) 

In the above equation, ^ represents a constant overall phas<^difference between 
tho two interfering wavefronts: for instance, it might be due to non-equal distances 
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PigmrG 3: Correat HD. Set-up for reconstruction with pkase-retrieval of one data 
page of information in holographic stor^e (with aDglomultiplexitig). 

Jfor the two light-psi.ths of Fig. 3. The imege intensity recorded on the COD then 



25 



+ l4**r(B,)*exp{+27riKtoi-R}exp{+i</.}. (3) 

The first posthproccssiag step comprises a 2D FFT (real-to-complex) in the "foi^ 
ward" direction appUed on /oo£>(It). This yields formally (with fl tho 2D fro- 
quisncy vectcNt in the 2D Sburier plane); 



ipo£>(«) PTh„„{Jcot(R)} 
30 = CB(0) 4- SB+(fi) -F SB-(fl) (4) 

where CB stands for Omk-al Band and SB for Side Band in the Fourier transform 
of the COD imBg;c. The central band corro^nds with the Iburior transfonn 
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of tho flret two terms in Bq- (3): it contains the auto-correlation of the SLM 
wavefront (which equals the ODD inuigo intoneity in the state-of-the-art aolution). 
The sidebands SB*^ and SB" correspond to the Fbiu?ier transfomct of the third 
and fourth tomn^ in Elq» (3). Due to the atito-corrGlation, the band-width of the 
central l^and is twice q& largo the band-width of each of the sidebands. The 
magnitudo of the wave vector Khoi is chojsen such that in the Fourier spectrum 
the sidebands and central band do not overlap. The azimuth of the wave vector 
Kht>i caji be chosen freely: in Fig. 4 it is chosen $uch that the sidebands ere 
positioned along the horiaiontal aad& in the Bburier spectrum^ which corresponds 
to a Mago-pattern recorded on the OOD with a vertical orientation of the Eringos. 
But other choices are po$3ibIe} for instauco diagonally oriented fringes leading to 
sidebands in oppoi^te comoi^ along one of the diagonals in the 2D Ebutier plane. 
ParthDr note that both sidebands are each other'g complex conjugate, must 
be, since they originate feom a Fourier transform applied on a real- valued image. 
In other wordsi, both sidebands carry exactly the same infor^nation. 
The second post-procQg^ing step comprises a selection of one of the sidebands (say 
SB"^)> and centering operation with respect to its center point, which is equal to 

SB+(0 ^ Ki,^,) = ^gi^(O). (5) 

Note that the information in the central band is not used at all. The third and 
last post-processing stop comprises a 2D Fourier traasform (complexr-to-complex, 
^0 and in the '^backward'' direction, from to R), yielding the complex-valued 
wavofront V^Iz^mCR) a-s^ 

4j,^(R) FTn-.a{SB+(fi ^ Khoi)}. (8) 

Bq. (6) yields both aanpUtudo and phase information of the SIM wave&ont for 
the i-th data page that w stored in the holographic memory. 

25 4.1.3 Requirements put on the CCD Sensor 

The resolution of tl^e OOD must be high enough to be able to record the infbrmar 
tion that is present in the sidebands. Since the stato-of-the-art recording on the 
CCD only records the central band, and since the bandwidth of the central band 
twice that of the sideband, the current ID needs a OOD with pixels that are 
twice 03 narrow as for the statoof-tho-art solution. Note that this extra resolution 
is only needed in the direction that is orthogonal to the felnge^ (e*g. the horizontal 

3Q direction as is shown in Fig. 4), A solution could be to use rectangularly shaped 
pixels on the CCD, with a horiajontal ii<y vortical aispoct ratio of a faptor twP- 
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Figure 4: Ourrcsnt ID. Successive stops in post-processing en CCD^imago for holo- 
20 graphic reconstruction with. phase-rotricjvHl of owe data page, (a) 2D forrotrd PPT; 
(b) solGotion of side-baod (5^5+); (c) 2D backward PPT, 
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4.1.4 Use of the Central Band 

As described abovq, in the hologr^Lphic restoration, the central band information 
is discarded* A method to uge that information ajs gide-information is proposed 
in [3] for the case of off-axi$ electron holography. It compripes a signal proceaaJng 
step where the auto-correlation can yield additional information on the amplitude 
of the SLM wave&ont. This might bo bcHaoficial for oaac^ of lov^r ^gnaL-to-noisB 
ratios. 

41,5 Variational on the Theme 

Other related details that came up are; 

* use of a COD with square pixels, and dotoction of more than one page on a single 
OOD image, where the difforont pa^os mti$t havo different wavo vectors Kjioi ^ 
the holographic restoration. In this case, the central bands are snperimposed and 
are more difficult to be used in the post-processing. 

• other phase-retrie^l methods are also possible, like detection of a series of CCD 
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images for the same datarpago but at different settings of ani optical parameter 
(llHe dofoGiis or 2-fold astigmatism). Such metliodiS are well knowu in the area of 
phase-retrieval for high resolution transmission electron microscopy (HRrTSM) 
[41. 

4.2 Phaae-Retrieval through a Phase-Stepping Pi^ocedure 
A different method of phaso rotricrval (that we propose in this ID) uses tho method 
of phtaao stopping. Such methods axe well-known in the field of interferometry 
[S], Now the adational wavefront ^hoi is uniform, i.e. we select Khoi - 0. The 
requiting intensity measured on the OOD is then: 

whore 4fSLi4(K) fe the phase of the wavefront n/f&x»j^{Il) that is to bo recongtructed. 
Thfc phase cfin be retrieved by a phase stepping procedure. In this procedure the 
phase <p of ii^ot is ^t to different values in a controlled w^y, and X^cui^) ^ 
mealed for each pha3c value The ph^so of tho reconstructed wavofront can 
be determinod froin the meeeured va-Iues I^cdO^)- "^^^ pi^^ ^ of i/;^ 
varied by chsmging tho optical p&th length of the arm of tho wavefront i^^oii by 
e.g. displacing a mirror in this arm with a pioigCHolement, 

For caxample, consider tho case where the SLM sets the phago i^$x.i^{Il) 
20 equal to 0 or ir. This binary phase fcont cm be retrieved by gtepphig throng two 
phases and (pit, where ^ {21 + l);r/2 (1 = 0, 1, 2, 3, . . .) and ^2 ^i^i - jr. In 
that case the diffoTrenco between the two measured inteuaity distributions yields: 

/^WH-)-I&cd(R') = 4[7/4^;^^(R)|cos[^si,M(a)-^i] 

\ -MiphLMi^)\^^ih)^ if *5J^m(II)==^. 

25 It follows that the sign of the intensity difference detewDainea the value of tho 
sought-f or phaaso ^ slm (R) (which is assumed to b e binaiy in this simple ejcamplo) , 
Phase stepping methods requiring 4 to S stops are generally sufficient to retrieve 
an arbitrary (non-binary) phase ftont [5], 
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